Abstract: High throughput multiplex serological systems enable the small developer to set up tests at small cost, for microbes for which there are no commercial tests, and for aspects which have not been addressed by them. An example is testing for Zika and Tick Borne Encephalitis virus antibodies, where antigenic cross-reactions make diagnosis problematic. Our technique variant, Suspension Multiplex Immunoassay (SMIA) allows many samples to be tested for antibodies to many antigens in a short time. Computational compensation for cross-reactions is possible if a SMIA panel contains most of the potentially cross-reacting antigens. Using antibody avidity and pattern of reactivity to whole virus and nonstructural protein, antibodies due to vaccination and infection, respectively, as well as probable degree of protection, can be determined with high throughput. These multiplex techniques hold great promise for future diagnostic development. Theoretically, even large scale serological monitoring, like blood donor pathogen testing, could be done inexpensively and rationally with multiplex serology developed in house. However, the quality control demands are steep and in most cases out of scope for a single laboratory. There remain however a number of clinical applications where in house multiplex serology can be performed with adequate quality control under high throughput conditions.
Introduction
Let us not forget that it is the clinical need, not the commercial diagnostic company, which should determine which tests that we use. The promise of high throughput multiplex testing, to have all, at once, sounds too good to be true. But technological advances have made it possible. There are no particular reasons why high throughput multiplex testing should be inferior to conventional singleplex immunoassays. I here review the possibilities and remaining obstacles. Some applications are given in Table 1 .
Broadly targeted syndromic panels have now entered clinical microbiological routine at the nucleic acid side. However, broad serological panels are also feasible and are useful for large scale seroepidemiology and surveillance of incidence and vaccine coverage.
The validation of a serological assay requires a collection of true positives and true negatives, and serial sera from clinical cases. At least one established "gold standard" test must be run alongside the new serological assay. Establishment of serological tests for newly discovered viruses, for which there are no established tests, requires careful collection of sera from clinical cases diagnosed by nucleic acid or other tests. It is through a recursive effort using a patchwork of gradually accumulated evidence to establish that the new serological method actually measures what it is intended to measure. It can be laborious for a singleplex assay. In a 25 plex assay, a 25fold higher effort is required. This is one explanation for the slow emergence of multiplex serological assays. There is also more money to be earned by running several singleplex assays in parallel than by running one multiplex panel.
2 Experience from previous development of multiplex serologies.
Are there no shortcuts to accelerate to uptake of this rational technology? One trick is to have a collection of sera from 0.5-2 year-old children. Such a collection can be counted on being rich in "true negative" sera, good for establishing cutoffs. Another trick is to include "sleeper" antigens in a broadly targeted syndromic serological panel. The "sleeper" antigens are still not well characterized.
They are there there simply as sentinels. A reaction may be true or false, but serves to alert that antibodies to the microbe may be present. The sample and the case can then be investigated using other techniques. "Sleeper" antigens must be chosen with caution. For example, testing with a "sleeper" HIV antigen without consent from the patient would probably be deemed unethical.
Including several antigens per microbe (like in a Western Blot) allows the likelihood of a true serological reaction to be raised if there is a reaction to several antigens from the same microbe. A microbe carries a broad collection of antigens to which antibodies are elicited concomitantly during an infection. This strategy is indispensable when new or rare microbes are tested for. But it is also helpful for distinguishing different kinds of antibody response to a microbe, like distinction of vaccine induced antibodies from antibodies arising from an infection. This is the subject of a patent which we applied for ( Figure 1 ).
In my group, we have developed a multiplex serological technique called Suspension Multiplex
Immunoassay (SMIA) (Figure 2 ) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . We have used it for research on diagnosis and seroprevalence. The SMIA technique is inexpensive and rational. It shows that the price of high throughput multiplex testing does not need to be high. It can be run with highly automated equipment, justifying the term high throughput. A comparable collection of singleplex ELISAs, if it exists, will nearly always be more expensive and laborious. SMIA consumes less of expensive antigen, and less sample, than standard singleplex assays [2] . The ability to economize with antigen enables use of purified, more costly, antigens. At serum dilutions of 1/100 and higher, the SMIA signal is proportional to amount of antibody. A microliter of serum can then give results from many (say, 50) antigens. So far, sensitivity has been similar to that of comparable commercial tests [2] [3] [4] .
The SMIA result is in the form of MFI, Median Fluorescent Intensity. The signal is the median of many determinations, often 100 per antigen. This gives a high precision. If differences in reactivity are studied within the same reaction volume (generally a microtiter plate well), the accuracy of the intrawell comparison becomes very high. The main source of interwell variation is the pipetting error.
SMIA is also a good tool for infectious disease research, allowing rare and less well known microbe antigens to be included as "sleepers" with marginally increased cost. As experience increases, the "sleepers" may be included as regular and validated members of the serological panel. The recent large expansion of knowledge regarding microbes, both viruses, bacteria, fungi and protozoa brought by next generation sequencing necessitates an expansion of syndromic serological panels.
The hundreds of newly discovered microbes are often only known by their sequence. We have found long synthetic peptides derived directly from sequence to be quick and rational alternatives when setting up initial serological panels for these hitherto unknown microbes. Further method optimization will reveal how much of synthetic peptides, recombinant proteins or whole microbe is needed.
Computational compensation for serological cross-reactions
A special aspect of multiplex serology is the ability to compensate for serological cross-reactions between similar microbes. Serology in the Flavivirus family, which includes Dengue, Zika, Yellow fever, Japanese encephalitis virus, Tick-borne encephalitis virus and Usutu, is notoriously difficult, due to frequent antigenic cross-reactions. An overview of the cross reactions we encountered in given in Figure 3 . Seeing the reactivities of many antigens in a multiplex test (looking through a panorama window) instead of looking at single antigen reactions (looking through a key hole) allows distinction of "true" from "false" reactions in many cases.
Use of antibody avidity for distinguishing serological cross-reactions from true reactions and potentially predict protection
We also found that cross-reactions (false positive) frequently have lower avidity than true positive reactions. We devised a computational system which takes both cross-reactivity pattern with IgM and IgG, avidity and temporal pattern of evolution between several samples from the same patient into account. The system was able to promptly and correctly distinguish 47 Dengue from 13 Zika infection [3] , and 5 Zika cases in over 100 returning travelers (unpublished).
The distinction of antibodies due to infection from those due to vaccination is especially problematic 
Possible developments
Large scale vaccine serosurveillance may be an especially useful application for multiplex serology.
The recent emergence of vaccine hesitancy [17] and resulting epidemics of virus diseases like measles [18] and mumps [19] requires an improved strategy for ensuring herd immunity. Multiplex serology using vaccine antigens can give the ability to quickly and inexpensively deliver a broad estimation of vaccine coverage to both individuals and population. It is reasonable to ask for vaccine immunity in potentially exposed personnel. But also children and their parents may get a concrete impetus to vaccination if the test shows absence of antibodies in a child. This may be more acceptable to vaccine sceptics rather than just trying to implement general vaccination. It is our experience that vaccine antigens can be directly coupled to SMIA beads. Thus, a general vaccine 
Some desirable clinical uses of multiplex serology
There remain however a number of clinical applications where multiplex serology can be performed with adequate quality control under high throughput conditions (Table 2) . Every clinical microbiologist knows that nucleic acid testing often must be complemented with serology to reach a probable diagnosis. Panels under construction include diagnosis of exanthema, jaundice, meningoencephalitis, immunosuppression, pregnancy infections and several zoonosis panels.
Conclusions
The reasonable costs and rationality of multiplex serologies like SMIA gives the small developer an opportunity to break new diagnostic ground in microbiology. It is fun to play with this tool. Tables   Table 1 . Some situations in which high throughput multiplex serological testing can be applied. Avidity index is the ratio of reactivity after and before urea treatment. From Euro Surveill.
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